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Abstract 
The applicability of shape memory alloy as an actuator for robotic hands is tested. A parallel arrangement of SMA wires along 
the forearm is implemented into a hand model after consideration of different designs. The activation of the SMA is achieved 
using a joule heating approach. The arrangement is tested for its controllability using open and closed loop control. An adaptive 
PID controller shows best results for the full range of motion.   
 
© 2015 The Authors.Published by Elsevier B.V. 
Peer-review under responsibility of organizing committee of the 2015 IEEE International Symposium on Robotics and Intelligent 
Sensors (IRIS 2015). 
Keywords:Shape memory alloy; Robotic Hand ; actuator 
1. Introduction 
In this technological age, the question of miniaturization of mechanical components and drives often arises. 
Currently available actuators often encounter their limits by shape, size and weight. In the field of robotic hands, 
especially robotic hands for prosthetic use, the size and weight of the device are crucial for the wearers’ comfort. 
Shape memory alloys provide properties that provide a silent actuator with a high force to weight and to size ratio1. 
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Using SMA as a drive in a prosthetic hand can be beneficial in improving the user’s experience for day to day use. 
Therefore, a test for the implementation and control of an SMA driven hand was conducted. 
The Shape Memory Alloy or SMA has been introduced as an actuator in the 1950s. The development of an SMA 
to be used as the perfect actuator is still an ongoing process2.   
SMA is usually made from Ni and Ti, sometimes containing third elements to further modify the behavior, 
depending on applications. SMA is well known in exhibiting two unique properties that cannot be found in many 
conventional metals such as stainless steel and titanium; shape memory effect (SME) and pseudo-elastic (PE). This 
makes it extraordinary for smart application. The main operating principle of the SMA is the reversible material 
structure between the high temperature phase of Austenite and the low temperature phase of Martensite, which is 
significantly influenced by the composition of Ni and Ti, processing route employed and method of heat treatment. 
While the Austenite phase is rigid, the Martensite phase allows for plastic deformation of up to 8% in length3. 
Heating the deformed Martensite allows a phase transition back to austenite, where the deformation is removed. If it 
is cooled again to the Martensite phase, there is zero plastic deformation until it is stressed again.  
SMA can react to environmental stimuli which can be an advantage or hindrance depending on the objective of 
the design4,5. Other challenges include its small usable strain which is about 4% Recommended Recovery Ratio 
(RRR) despite the fact that the Maximum Recovery Ratio (MRR) is at 8% , low accuracy and low energy efficiency. 
RRR was recommended because at MRR, the life cycle of the wire is very low. 
These challenges however did not stop many researchers from using SMA wires in their design.  The instances of 
using SMA wire in robotic application especially in artificial hands for manipulating objects are numerous and 
started as early as the 1980s6 until today. Takami, Fukui, Saitou, Sugiyama, &Terayama (1992) tried to use SMA 
plates for their hand splinter to hold spastic fingers. Lai, Yeh, & Chiu7 tried to implement SMA fibers directly on 
finger exoskeleton module to extend the affected finger.  
2. Implementation of SMA in robotic hand 
Possible designs for the realization of drives made of shape memory alloys include: springs, torsion bars, flexure 
beams, wire, compression and tension rods. The future use of the linear drive in hand prosthesis largely affects the 
drive requirements. The actuator should be limited in size, has a fast positioning time and large travel, while being 
able to provide enough force. A big advantage of springs, torsion bars and flexure beams is the relatively large 
travel, but unfortunately these designs have the disadvantage of slow positioning time and rapid fatigue. Pull wire 
however shows the best properties. With optimum utilization of material and high load capacity, the fastest 
positioning times are possible8. In this present work, FLEXINOL, a wire made of a nickel-titanium alloy by the 
company DYNALLOY Inc., was used. The wire containing 56wt%Ni-44wt%Ti exhibits excellent pseudo-elastic 
(PE) behavior for actuator application. The travel between stretching and shrinking reaches up to 4%. The alloy can 
be deformed with low forces when cooled, has remarkable tensile strength when heated and maintains the shape 
memory effect even after a large number of contraction cycles. 
Besides the many advantages of the SMA wire, two crucial problems had to be examined. An SMA wire with a 
cross-sectional area of 1 mm² and a length of one meter has the potential to lift a 20kg load several centimeters. That 
is more than 3000 times its own weight. The disadvantage is the low contraction of just 4%. In order to generate 
sufficient force and still gain a large travel, there are two different approaches: In the first variant, a shorter wire 
with a larger diameter is used. The resulting relatively low contraction is then multiplied by a lever arm. The second 
variant uses a long wire instead, which consequently leads to an increase of the overall travel. The diameter greatly 
influences the time required for heating and cooling the wire. An increase in the diameter results in an increased 
cycle time. The heating of the wire is either done via a heating element or with an electrical current flow. In practice, 
Joule heating proves to be most convenient. The heating time, and hence the contraction time, strongly depend on 
the amount of current. The cooling rate, however, determines the system performance most. Yet reducing it is not 
easy. A higher temperature loss to the environment is achieved by, for example, increasing the surface of the 
material, air cooling or by using heat dissipating materials. A good actuator system needs to have a short cooling 
and heating phase. The following diagram (Fig. 1) serves to illustrate the contraction and expansion process of a 
50cm long and 0.25 mm thick wire, as a function of time. 
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According to the manufacturer's instructions, a maximal contraction force of 172 N / mm² can be achieved. For 
the selected diameter this corresponds to a force of nearly 9N. Simple tests have shown that three times that load 
could be moved. 
For a cyclic operation, a restoring force is needed to restore the wire to its original length.  For restoring method, 
among others, a spring, a counterweight or another SMA wire is suitable. The permanent effect of a spring or 
weight, reduces the actuating force by about 60%. In addition, a spring leads to a decrease of 1% in travel length. 
Nevertheless, due to its ease of integration into a system, springs are very often used. The Agonist-Antagonist 
principle consists of two counter-acting SMA wires, which are controlled independently.  
The design of the drives presented is mainly influenced by the required travel. A large travel is available only 
through a relatively long wire. This poor contraction ratio compels a suitable arrangement of the wire. Deflection 
pulleys are the simplest method for minimization. It should be mentioned that the size of the deflection pulleys 
should be at least 50 times the wire diameter so as to not greatly reduce the lifespan of the material9. The concept 
(Fig. 2) consists of ten deflection pulleys made of aluminum, which are mounted electrically insulated from each 
other. A rubber band as a reset mechanism completes the construction. The expected results were not achieved due 
to high friction forces. Replacing the sleeve bearing with ball bearings would improve the overall movement. 
Moreover, tests lead to frequent failure of the material. The reduced lifespan and the high cost in production resulted 
in no follow-up tests. 
Another principle to minimize the actuator length and keep the material stress low is the parallel arrangement of 
several individual wires. The force transmission is carried out using connecting elements which are also arranged 
parallel to the wires. The elements can be independently moved and are electrically insulated against each other. The 
number of elements used determines the overall travel .The developed unit (Fig. 3) is a compromise between sliding 
elements and lever arm.  
 
  
Fig.2: Prototype with deflection pulleys   Fig.3: SMA actuator 
 
To minimize the friction, the number of sliding elements, each 7cm in length, has been limited to four. Thus, five 
individual wires were installed. By adding the individual wires, the total wire length responsible for travel is 35cm. 
Considering a 4% contraction, this results in 14mm travel. The lever arm doubles that to 28mm. The wire was 
heated with 1.6A and 6.5V. The test, using a weight as recovery principle, showed that only half of the theoretical 
travel was achieved. In practice, this design could only achieve a 2% contraction. 
Fig.1: Contraction and expansion process 
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Due to limited space, it is not practical to build in an SMA actuator inside the finger. The placement in a finger 
can only take place to a certain extent. In a human finger the necessary force is generated in the forearm. This 
principle also leads to better results in a mechanical hand. In order to achieve a greater force and travel of the fingers 
it is sensible to use the space in the palm of the hand and the forearm. The actuator produced sufficient mechanical 
energy to drive the redesigned finger model (Fig. 4). 
The required force is transmitted through thin steel cables into the finger. The number is limited to two cables per 
finger. The proximal phalange is driven directly by an operating rod of the actuator. The new prototype was 
constructed with a CAD program and then printed. At the end, the whole concept was implemented in an artificial 
hand (Fig. 5).  
 
  
Fig.4: Finger prototype with actuator     Fig.5: Artificial hand 
 
The prosthetic hand design is by Gael Langevin, a French sculptor whose blueprints are completely available as 
open hardware. The model has been designed so that only a 3D printer is needed for manufacturing. The movement 
of the fingers is initially carried out via nylon tendons and five servo motors. The index finger and the associated 
motor were replaced by the SMA-wire concept. For this purpose, some necessary adjustments were done. The 
original version controls only the middle and distal phalange of the finger. To be able to control the entire finger, an 
actuator with a larger travel had to be developed. The desired result was achieved with this combination. 
3. Control of SMA-wire 
Crucial for the control behavior is the conversion process from the Austenite phase to the Martensite phase, and 
vice versa. The hysteresis-prone phase transition is bound to a very narrow temperature range. It is important to 
understand the phase transition temperatures of the wire; particularly the Austenite finish temperature or denoted as 
Af. The lowest temperature needs to be applied to ensure the deformed wire is completely recovered. However, 
exceedingly high temperature applied on the wire may result in burnt wire, forming a layer of oxide or carbide 
phase, thus limiting the hysteresis characteristics. These phases are known to exhibit brittle features and do not 
respond to shape memory effect; once the wire is deformed, upon heating, only partial recovery could be observed. 
The unrecovered strain is due to permanent deformation. Hysteresis characteristics cause delays, and the resulting 
highly nonlinear behavior leads to inaccuracy in the motion [10]. The aim was to realize a Mechatronics control 
system which is capable of continuously driving the SMA wire quickly and accurately.  
Even a simple P controller with Kp = 10 showed relatively good results. Due to the typical stationary deviation 
for P controller the target value was not yet reached. With the addition of an I-controller, the deviation became zero. 
The performance of the control loop over the entire range of values is shown by the experimentally identified 
step function (Fig. 6). The signal was increased stepwise by 2mm. The controlled signal follows the reference 
variable. Note the slow response behavior at the end of the cooling phase. 
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With the PI controller allowing specific positions of the wire to be set, an attempt was made to record the 
corresponding voltage values for specific positions and to use those for control instead of relying on the PI. With the 
narrow temperature range where the phase transformation takes place, and a corresponding narrow voltage range for 
setting specific positions, it was found that a control in this way is not accurate. Surrounding temperature and 
changes in natural convection have a far higher influence on the voltage needed than the position of the wire. Using 
the control also showed that due to the hysteresis behavior of the SMA, overshoots during the positioning lead to 
different voltages required to reach a set position. This problem is further accelerated with regards to later 
application in robotic or prosthetic hands. A control that only allows reaching a final position by swinging around 
that final position would lead to significant disadvantages in handling objects.   
To overcome the overshooting nature of the PID controlled SMA, attempts were made to adjust the controller 
parameters. Due to the complex behavior of the SMA this was not possible. The use of an adaptive PID controller 
managed to tackle these problems. Before changing the direction that the wire length is influenced by, the controller 
values were adjusted. It showed that changing the parameters depending on the current length of the wire helps 
remove over shooting and increases the speed at which the wire reaches its set position. A PID controller with the 4 
following sets of parameters lead to the wire response seen in figure 7.  
 
 
For the cooling phase Kp=2, Ki=0.1 and Kp=2, Ki=0.18 are used, with a switch between them occurring at half of 
the travel length. The heating phase uses Kp =2, Ki=0.4 and Kp=2, Ki=0.18 respectively. The sets with Ki=0.18 are 
used at the end of the heating and cooling cycle. The absence of Kd helps with the reading and visualization of the 
voltage used for heating. 
Looking at the voltage applied for the individual steps, the narrow temperature/voltage band can be seen, as well 
as the hysteresis character of the SMA between heating and cooling.  
Fig.6: Step function 1 
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Fig.7: Step function 2  
4. Conclusion 
The project showed the possibility of using SMA as an actuator in robotic hand design, while highlighting some 
of its weaknesses. While the good force/weight ratio of SMA sounds very promising, its low travel and need for 
complex integration hinder its effective use in miniaturization. The non-linear behavior of the material set 
challenges for control. These can be overcome using adaptive PID controller. While open-loop control did not 
produce the desired results, the measurements may be used in future projects to aid the PID controller. For final 
application, further studies need to be conducted on the dependency of required voltage and applied external stress 
on the wire. 
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